The performance of a n M -a r y orthogonal frequencyshift keying (MFSK) communication system employing fast frequency-hopped spread spectrum waveforms transmitted over a frequency-nonselective, slowly fading channel with partial-band interference is analyzed. A procedure referred t o as noise-normalization combining is employed by the system receiver to minimize partial-band inierference effects. Each hop is assumed t o fade independently. The partial-band interference is modeled as a Gaussian process. Both the signal and the partial-band interference are assumed to be affected by the fading channel which is modeled as Rician. The effect of jading of the partialband interference on worst-case receiver performance is relatively minor. When there is no signal fading o r when the signal fading is Rician, then the counter-intuiiive result of poorer receiver performance when the partial-band interference experiences fading is obtained. This effect i s most pronounced when the signal does not fade and the partial-band interference experiences Rayleigh fading.
Introduction
In this paper the performance of a noise-normalized, fast frequency-hopped M-ary orthogonal frequency-shift keying (FFH/MFSK) s stem with noncoherent detection is analyzed. The FFH,~v~MFSK transmitter is assumed to perform L hops per data symbol. At the receiver the dehopped signals are demodulated by a bandpass filter followed by a quadratic detector. In a noise-normalized receiver, the noise power of a noise-only channel estimator is used to normalize the output of each quadratic detector of the M branches of the MFSK demodulator before the L hop receptions are combined to form the decision statistics. A block diagram of the FFH/MFSK receiver with noise-normalization combining is shown in Fig. 1 . An accurate measurement of the noise power present in each hop is a challenging problem in fast frequency-hopped spread spectrum systems. In order to perform a complete evaluation of the noise-normalized receiver, the effect of an inexact estimation of noise power on system performance should be examined. In this paper, noise power is assumed to be estimated without error; hence, the performance obtained for the noise-normalized receiver in this paper is in this sense ideal.
The communications channel is modeled as a fading channel, and the FFH/MFSK signal is assumed to be affected by partial-band interference in addition to standard additive white Gaussian noise. The effect of channel fading and partial-band interference on communications systems was initially investigated for standard noncoherent MFSK demodulators in [l] ; and the effect of partial-band interference, but without channel fading, on noisenormalized FFHjMFSK demodulators was inveatigated in [2, 31. More recently, the effect of both partialband interference and channel fading on noise-normalized FFH/MFSK demodulators has been examined [4] . In previous work examining the effects of fading channels on system performance, it is assumed that only the communications signal is affected by fading. It seems reasonable that, in general, in situations where channel fading affects the communications signal that it will also affect the partial-band interference. Hence, previous analyses that ignore the effect of fading on the partial-band interference yield, from the viewpoint of the communications system, overly pessimistic results. In this paper, communications system performance when both the FFH/MFSK signal and the partial-band interference are affected by the fading channel is examined.
The partial-band interference that is considered in this paper may be due to either a partial-band jammer or some unintended narrowband interference. The interference is modeled as additive Gaussian noise and, when present, is assumed to be in each branch of the MFSK demodulator for any reception of the dehopped signal. In addition to partial-band interference, the signal is also assumed to be I I I I FFH/MFSK square-law receiver with noisenormalization.
corrupted by thermal noise and other wideband interferences which are modeled as additive white Gaussian noise. This wideband noise is assumed to be unaffected by the 0-7803-0953-7/93$03.00 0 1993 EEE fading channel.
The narrowband interference for each hop and each dehopped signal are both assumed to fade independently. This implies that the smallest spacing between frequency hop slots is larger than the coherence bandwidth of the channel [5, 61 . The channel for each hop is also modeled as a frequency-nonselective, slowly fading Rician process. This implies that the bandwidth of both the signal and the narrowband interference is much smaller than the coherence bandwidth of the channel and that the hop duration is much smaller than the coherence time of the channel [5, 61 . The latter assumption is equivalent to requiring the hop rate to be large compared to the Doppler spread of the channel. Consequently, both the dehopped signal amplitude and the magnitude of the partial-band interference amplitude can be modeled as independent Rician random variables where the total power in both the communication signal and the narrowband interference signal can be considered as the sum of the power in a direct component and that in a diffuse component.
The bit rate is taken t o be Rb. Hence, the corresponding symbol rate is R, = Rb/logz M where M is the order of the MFSK modulation. Since the FFH/MFSK signal has L hops per symbol, the hop rate is Rh = LR,.
The equivalent noise bandwidth of each bandpass filter in the noise-normalized MFSK demodulator must be at least as wide as the hop rate, and in this paper B = Rh is used. The overall system bandwidth is assumed to be very large compared to the hop rate. Note that for a fixed symbol rate that the hop rate increases as the number of hops per symbol increases. As a result, the required minimum equivalent noise bandwidth of the bandpass filters in the MFSK demodulator also increases as the number of hops per symbol increases. Hence, as the number of hops increases, the assumption that the channel is frequencynonselective becomes more restrictive. On the other hand, the assumption that the channel is slowly fading becomes stronger.
Analysis
The partial-band interference is assumed to be present in each branch of the MFSK demodulator for any reception of the dehopped signal with probability y. Thus, y represents the fraction of the spread bandwidth being jammed, and the probability that narrowband interference is not present in all M detectors is 1 -y . If N1/2 is the average power spectral density of interference over the entire spread bandwidth, then y -' N 1 / 2 is the power spectral density of partial-band interference when it is present. The power spectral density of thermal noise and other wideband interferences, which is modeled as additive white Gaussian noise, is defined as N0/2. Hence, the power spectral density of the total noise is y-'N1/2+ No12 when partial-band interference is present and No12 otherwise. 
Probability of Bit Error 1 when partial-band interference is present is
The probability of symbol error for the receiver in Fig. where P, ( i ) is the conditional probability symbol error given that i hops of a symbol have interference. Due to the symmetric structure of the receiver, P,(i) can be obtained by considering only the case where the signal is present in branch 1 of the MFSK demodulator. In this iven the conditional probability density function The Zmk's corresponding to demodulator branches with no signal are independent not only of the signal but also of the interference; consequently, for each hop k = 1 , 2 , . . . , L , the noise-normalized random variables that represent the outputs of demodulator branches with no signal present are identical, independent random variables that are independent of channel fading affecting either the signal or the interference. The overall decision variable for each branch of the demodulator after L independent hops are combined is obtained from Ps(i) = 1-(11) In order to complete the evaluation of ( l l ) , f z 1 ( t 1 ! z ) is required. This issue is addressed in the next subsection.
For orthogonal MFSK the bit error probability can be related to the symbol error probability by 
Probability Density Function of the Decision Variable 2 ,
The conditional probability density function of the random variable x 1 k that represents the output of the quadratic detector of branch 1 of the demodulator, given a signal amplitude f l a k , is [7] f X i k ( z l k l a k d ) = where In(.) represents the modified Bessel function of the first kind and order n. Fading of the communications signal for hop k of a symbol is modeled by assuming a k to be a Rician random variable. The probability density function of the Rician random variable a k is [7] where a2 is the average power of the direct component of the communications signal and 2u2 is the average power of the diffuse component of the communications signal. The avera e received signal power of hop k of a symbol is assume% to remain constant from hop to hop. Analogously, since the fading of the narrowband interference signal for hop k of a symbol is modeled as Rician, then the probability density function of the narrowband interference signal power is where @cn represents a c,-fold convolution, c1 = i, and c2 = L -i.
In order to remove the conditioning on the random variable a:, from (20) and (23), it is necessary to multiply (20) and (23) by (16) and integrate the product over the entire range of ai,. This is done numerically.
Numerical Results

Numerical Procedure
Computation of the probability of bit error requires the evaluation of (11) for each of the possible combinations of jammed and unjammed hops given L hops per symbol.
For the special case of all hops free of interference, 6," is not a random variable, and the probability density function of Z1 is given by (23) with cn = L and n = 2. In this case, (11) can be evaluated analytically [8], but the result is so complex that it is easier and more straightforward to evaluate (11) numerically. For the special case of all hops jammed, the conditional probability density function of 21 is given by (23) with cn = L and n = 1. The conditioning on a:, is removed numerically as discussed at the end of the last section, and (11) is evaluated numerically. When i hops of a symbol have interference fz, (z1 li) must be evaluated numerically. The conditioning on azl is removed from the Laplace transform of fz, (zl la,", , i),
given by (20), numerically as discussed a t the end of the last section, and f z l k l p ) is obtained by a numerical inversion of Fz,(sli). s in the previous two cases, (11) is then evaluated numerically.
Performance
To obtain worst-case partial-band jamming, the jamming fraction 7 which maximizes the probability of bit error is found for various values of diversity, fading conditions, signal-tenoise power density ratios, and order of modulation. All results presented in this paper are obtained by assuming that the ratio of direct-tediffuse signal power a2/2a2 and the direct-tediffuse narrowband signal power a:I/2u:I are the same for each hop k of a symbol.
Receiver performance for a signal experiencing
Rayleigh fading with slow hop ing ( L = 1) and it4 = 2 is illustrated in Fig. 2 for EbfNo = 20 dB. The case of no fading of the narrowband interference, Rayleigh fading of the narrowband interference, and Rician fading of the narrowband interference (specifically, a:I /2a:, = 10) are plotted for both broadband interference (7 = 1) and partial-band interference with 7 = 0.1. As with the conventional case of no fading of the narrowband interference, worst-case performance is obtained for both Raylei h fading and Rician fading of the narrowband interference when y = 1; that is, partial-band interference has no adverse effect on receiver performance when the signal experiences Rayleigh fading irrespective of the fading experienced by the narrowband interference. As can be seen, there is only a slight improvement in receiver performance when the narrowband interference experiences Rayleigh fading. The signal-tethermal noise power ratio does not influence the relative effect of fading of the narrowband interference signal on receiver performance. Receiver performance when there is no signal fading and for a signal experiencing Rician fading (a2/2a2 = 10) with slow hopping ( L = 1) and M = 2 is illustrated in Fig. 3 and Fig. 4 
10-'
10-2 an 10-3 ence. As can be seen, there is very little effect on worstcase receiver performance as a consequence of fading of the narrowband interference. For fixed 7, the counterintuitive result of poorer receiver performance when the narrowband interference experiences fading is obtained for a broad range of both the ratio of signal-to-narrowband interference power and 7 ; although, the effect is much less pronounced and occurs for a much smaller range of Ea/Nr for Rician signal fadin than when the signal does not experience fading. This ekect is most pronounced for Rayleigh fading.
Conclusions
For slow hopping, the effect of fading of the narrowband interference on worst-case receiver performance is relatively minor. When there is no signal fading or when the signal fading is Rician and when 7 is fixed, the counterintuitive result of poorer receiver performance when the narrowband interference experiences fading is obtained for mme ratios of signal-t-narrowband interference power for a broad range of 7. This effect is most pronounced when the signal does not fade and the narrowband interference experiences Rayleigh fading.
